-trichloro-2,2-bis(4-methoxyphenyl)-ethane, MXC] is a biodegradable analogue of DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane], the environmentally persistent organochlorine pesticide that has been essentially banned in industrially developed countries. In previous in vivo metabolism studies of DDT and MXC in mice, MXC was rapidly eliminated from the body (98.3% of the administered dose was excreted in the first 24 hr) compared with DDT (1.0-7.4%).
Introduction
Methoxychlor [1,1,1-trichloro-2,2-bis(4-methoxyphenyl)-ethane, MXC] is a biodegradable analogue of DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane], the environmentally persistent organochlorine pesticide that has been essentially banned in industrially developed countries. In previous in vivo metabolism studies of DDT and MXC in mice, MXC was rapidly eliminated from the body (98.3% of the administered dose was excreted in the first 24 hr) compared with DDT (1.0-7.4%). 1, 2) Extensive biotransformation would be the cause of such a favorable feature of MXC. 3) Several in vivo and in vitro metabolism studies demonstrated that Odemethylation catalyzed by the cytochrome P450 monooxygenase system was the prominent metabolic reaction of MXC, and formed mono-and bis-phenolic derivatives [mono-OH-MXC, 1,1,1-trichloro-2-(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethane, and bis-OH-MXC, 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl)ethane, respectively] as major metabolites. [4] [5] [6] In recent years, however, various studies have indicated that MXC elicited estrogenic responses in mammals, and monoand bis-phenolic metabolites were suspected as the essential components of such estrogenic action. [7] [8] [9] In fact, these metabolites showed estrogen receptor (ER) binding activity, although the parent MXC showed negligible activity. [10] [11] [12] It was further reported that the ER-binding affinities and transcriptional activities varied depending on the structures of MXC metabolites produced. [12] [13] [14] Therefore, it is possible that different metabolic profiles in different animal species cause different biological responses. Knowledge of the sex-and species-dependent differences in MXC metabolism is considered to be important to understand the mechanism of the metabolism-induced estrogenic actions of MXC.
Rats are one of the most frequently used experimental animals in xenobiotic toxicology tests, and it has been well recognized that rats exhibit greater sex-related difference in xenobiotic metabolism than other experimental animals. 15, 16) In our previous report, the sex-related difference in MXC metabolism in rats was demonstrated by in vitro precision-cut liver slices. 17) Male rats mainly produced conjugates of bis-OH-MXC (glucuronide and glucuronide/sulfate diconjugate), whereas female rats produced comparable amounts of both mono-and bis-OH-MXC glucuronides as major metabolites. The percentage distributions of bis-demethylated derivatives toward the sum of the demethylated metabolites (mono-ϩbis-OH-MXC derivatives) were Ͼ95% and 40% for male and female rats, respectively.
In this study, kinetic parameters of the enzymatic demethylation of MXC as well as its primary metabolite, mono-OH-MXC, were determined using liver microsomes to clarify the contribution of hepatic O-demethylase in the sex-dependent metabolism of MXC in rats. Microsomes of male and female mice were also used for comparison. For the studies with mono-OH-MXC, enantiomeric isomers, (R)-and (S)-mono-OH-MXC were used as the substrates, since the previous reports demonstrated that rats preferably produced (S)-mono-OH-MXC by the enantioselective O-demethylation of achiral MXC. [17] [18] [19] Methoxychlor O-demethylation pathways are represented in Fig. 1 .
Materials and Methods

Chemicals
Methoxychlor (99.5% purity) was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany), mono-(racemic, R/S) and bis-demethylated MXC (mono-OH-MXC, Ͼ99% purity, and bis-OH-MXC, Ͼ99% purity, respectively) from Cedra Corporation (Austin, TX, USA). The (R)-and (S)-mono-OH-MXC (Ͼ97% purity for both isomers) were kindly provided by Dr. N. Kurihara (Japan). 20) [Ring-U- 14 C]methoxychlor (5.84 MBq/mg, Ͼ99% radiochemical purity) was obtained from BlyChem Ltd. (Billingham, UK) and further purified by Nemoto Science Co., Ltd. (Ibaraki, Japan). Liver microsomes from male and female F344 rats and those from male and female CD-1 mice (all from untreated animals) were purchased from XenoTech, L.L.C. (Lenexa, KS, USA) and cytochrome P450 contents provided by the manufacturer were as follows: 1.118, 0.512, 0.991, and 0.843 nmol/mg protein for male rats, female rats, male mice and female mice, respectively. All other reagents were purchased from commercial sources and were of the highest grade available.
Incubation of test substances with liver microsomes
Incubations with rat and mouse liver microsomes were conducted in a 200-ml volume in a water bath at 37°C. The incubation mixture contained the following constituents: 50 mM potassium phosphate buffer (pH 7.4), 3 mM MgCl 2 , 5 mM glucose-6-phosphate, 1 mM NADPH, 1 U/ml glucose-6-phosphate dehydrogenase, and microsomal protein. After 3-min pre-incubation, the reaction was initiated by adding the test substance ([ 14 C]MXC, non-radiolabeled MXC, or (R)-and (S)-mono-OH-MXC, added in 2 ml of dimethyl sulfoxide) with quick agitation. The reaction was terminated at various incubation times by the addition of a half or an equal volume of ice-chilled methanol, immediately followed by vigorous stirring. Details of the experimental conditions (such as the incubation time and the amounts of microsomal protein) for each experiment are represented in the footnote of the Figures and Tables. A portion (100-250 ml) of the incubation mixture was directly injected into a high-performance liquid chromatograph (HPLC) without any extraction step. Control incubations were conducted in the absence of the cofactor, NADPH, and it was confirmed that no degradation products were formed in our experimental conditions (data not shown).
Analytical procedures for the metabolites
The metabolites in the reaction mixture were analyzed by reversed-phase HPLC (Shimadzu LC10ADvp system; Shimadzu Scientific Instruments, Kyoto, Japan). Chromatography was performed with a 4.6ϫ150 mm CAPCELL PAK C18 ACR column (Shiseido Co., Ltd., Tokyo, Japan), and the mobile phases consisted of water as solvent A and acetonitrile as solvent B. Elution was achieved at a flow rate of 1.5 ml/min and a column temperature of 40°C. The time program for gradient analysis was as follows: 0-15 min, linear gradient from 70/30ϭA/B (v/v) to 0/100ϭA/B (v/v). The eluent was monitored by ultraviolet (UV) detection at 244 nm. The identity of mono-and bis-OH-MXC was confirmed by retention time comparison with the authentic standards, and the quantities were determined from their calibration curves. When the radioactive materials were analyzed, a Ramona Star radioisotope detector (Raytest Isotopenmessgeraete GmbH, Straubenhardt, Germany) was additionally equipped with HPLC, and the amounts of the [ 14 C] metabolites were determined by radioactivity detection.
Enantiotopic analysis of the mono-demethylated metabolites
Enantiotopic analysis was performed to determine the ratio of (R)-and (S)-mono-demethylated metabolites produced by Odemethylation of MXC. The same enzymatic reactions, described in the previous section, were also conducted in a 400-ml volume with [ 14 C]MXC as a substrate. When necessary, multiple reaction mixtures were prepared and concentrated to lower the detection limit for radio-HPLC. After the reaction, multiple samples were combined, concentrated by rotary evaporation, and reconstituted in 400 ml of methanol/water (1/1, v/v), followed by quick centrifugation. 
Kinetic analysis
Kinetic parameters, K m and V max , for MXC and mono-OH-MXC O-demethylation were determined from Eadie-Hofstee plots by linear regression analysis. When the plots displayed a biphasic curve, these parameters (V max1 and K m1 for high-, and V max2 and K m2 for low-affinity components, respectively, for the biphasic model) were estimated from residual analysis of the plots based on visual inspection. The following equations 21) were applied to produce a fitting curve for a single or a two-enzyme model, monophasic:
. Experiments were performed simultaneously with the same batch of microsomal preparation (from a single lot of commercial microsomes) in triplicate, and kinetic parameters, estimated from a single determination for each concentration point, were calculated in triplicate. The results are expressed as the meansϮstandard deviations (S.D.) of these triplicated determinations. Comparisons between kinetic parameters were determined by Student's t-test with PϽ0.05 being considered significant. Intrinsic clearance (CL int ) was calculated as a ratio of the V max to the K m .
22)
Results
MXC metabolism in liver microsomes
Incubation of [
14 C]MXC with liver microsomes from rats and mice was conducted to investigate the metabolic profile under the current experimental conditions. Representative radio-HPLC chromatograms are shown in Fig. 2 . Incubation of MXC with microsomes from all test animals, except for male rats, yielded a single major metabolite, mono-OH-MXC, whereas microsomes of male rats produced both mono-and bis-OH-MXC. These results confirmed that O-demethylation is the major reaction for MXC metabolism in liver microsomes as demonstrated in previous studies. 5, 23) To determine kinetic parameters, non-radiolabeled compounds were used as substrates. According to the HPLC profile observed in [ 14 C]MXC metabolism, the production of mono-OH-MXC was monitored by UV detection for the study of MXC demethylation in female rats, male mice and female mice. In the case of male rats, both mono-and bis-OH-MXC were monitored, and the quantities of these metabolites were summed to evaluate the net production of mono-OH-MXC. A very minor unknown metabolite was detected in the reaction mixture of the female rat microsomes (Fig. 2B) , and identification is under investigation. Formation of this female-specific unknown product was not included in the current kinetic analyses. Figure 3 shows the time-course metabolism of MXC, and the amounts of mono-demethylated metabolites (the sum of the mono-and bis-demethylated products for male rats, as described above) increased linearly for at least up to 15 min incubation. Production of the metabolite(s) was the highest in male rats (6.0 nmol/min/mg protein), followed by female mice (1.3), male mice (1.2), and female rats (0.6).
Kinetic study of MXC O-demethylase activity
In a previously published report, 24) the kinetics of MXC Odemethylation by male rat microsomes was assessed by a monophasic model using the Lineweaver-Burk plot. In this study, Eadie-Hofstee plots were selected for kinetic analyses to precisely display whether kinetics were mono or biphasic by emphasizing the kinetics in the lower substrate concentration range (Fig 4) . The plots indicated that the formation of mono-OH-MXC was biphasic in all animals studied, suggesting that multiple enzymes were involved in the monodemethylation of MXC. The Michaelis-Menten kinetic parameters (K m and V max ) were analyzed with a two-enzymatic model and are listed in Table 1 . In spite of relatively large errors in some cases, the results clearly indicated the contribution of high-and low-affinity components in the reaction.
For the high-affinity component, the microsomes of male and female rats exhibited higher affinity (suggesting lower K m value) toward MXC than that of mice. The V max1 was highest in male rats followed by male mice, female mice, and female rats. The K m1 values were 226, 271, 26 and 70 times smaller Table 1. than K m2 values in male rats, female rats, male mice and female mice, respectively, showing apparent differences in affinity between low-and high-affinity components in all cases. In the low-affinity component, the male rat microsomes showed the highest affinity and velocity among the microsomes of all animal species studied. Comparing the kinetic parameters between sexes, significant differences (PϽ0.05) were detected in V max1 and V max2 for rats, and V max2 for mice, whereas K m values were not statistically different in any case.
Enantioselectivity in oxidative mono-O-demethylation of MXC
MXC is a prochiral compound and mono-demethylation reaction possibly yields the chiral metabolites (R)-and (S)-mono-OH-MXC (Fig. 1) . 19, 25) To understand the enantioselectivity of enzymatic demethylation in MXC metabolism, the chirality of mono-OH-MXC formed was analyzed. Figure 5 shows the distribution ratio of (S)-mono-OH-MXC produced in MXC metabolism by microsomes from female rats, male mice and female mice. An experiment with male rat microsomes was also carried out, but it was unsuccessful to obtain an accurate (R)/(S) ratio for male rats, since sequential demethylation producing achiral bis-OH-MXC occurred quite rapidly (observed distribution ratios of the (S)-isomer were in the range from 61 to 79% of mono-OH-MXC at a substrate concentration of 10 to 0.05 mM with the formation of comparable amounts of bis-OH-MXC. Data are not shown in Fig. 5 ).
As shown in Fig. 5 , the female rat microsomes selectively produced (S)-mono-OH-MXC at 94% of total mono-OH-MXC at the lowest substrate concentration (0.05 mM). Distribution of the (S)-isomer gradually decreased with the increasing substrate concentration, and reached 62% at 10 mM. A similar trend was also observed in microsomes of male mice, although the enantioselectivity at a lower substrate concentration in male mice was lower than that in female rats. Approximately 73% of mono-OH-MXC was the (S)-isomer at a substrate concentration range from 0.05 to 0.5 mM, and the ratio decreased to 61% at 10 mM. In the case of female mice, distribution of the (S)-isomer at 0.05 mM exhibited the lowest value of 67%, and the ratio remained fairly constant over the substrate concentration range tested.
Kinetic studies of (R)-and (S)-mono-OH-MXC Odemethylase activity
Enantioselective demethylation of mono-OH-MXC was studied in vitro with rat and mouse liver microsomes using the (R)-and (S)-isomers as substrates, and enzymatic kinetics for the formation of bis-OH-MXC (consumption of (R)-and (S)- mono-OH-MXC) were compared. Eadie-Hofstee plots indicated that the demethylation of both enantiomers followed standard Michaelis-Menten kinetics for a one-enzyme model for the microsomes of all animals studied. The kinetic parameters are summarized in Table 2 . Figure 6 represents the enzymatic kinetics of (R)-and (S)-mono-OH-MXC O-demethylation with fitting curves constructed from the kinetic parameters.
Among the microsomes of all animal species tested, male rats exhibited the highest affinity (the lowest K m value) and V max for both isomers. In comparison between sexes, male rat microsomes had significantly (PϽ0.05) lower K m and higher V max values for both isomers than those for female rats. In the case of mouse microsomes, a significant sex difference was detected only in V max for the (R)-isomer (maleϾfemale).
Comparing the enantioselectivity of mono-OH-MXC Odemethylation, V max values for the (S)-isomer were clearly lower (PϽ0.05) than those for the (R)-isomer in the microsomes of all animal species, except for female mice. The V max of female mouse microsomes were similar for both isomers. As for the K m , the (S)-isomer seemed to have slightly lower values than those for the (R)-isomer.
Discussion
Kinetic analysis of the O-demethylation of MXC indicated that multiple enzymes, namely high-and low-affinity components, were involved in the reaction for all animal species studied, and the contribution of individual components varied depending on substrate concentrations. The high-affinity component predominated at lower substrate concentrations, and the contribution of the low-affinity component increased with increasing concentration of the substrate. It was also demonstrated that the enantioselectivity of MXC mono-demethylation was also dependent on the substrate concentration, at least in female rats and male mice. From these findings, it was speculated that the high-affinity component preferably produced the (S)-isomer, whereas the low-affinity component seemed to have an opposite (or lower) enantioselectivity, and was responsible for the production of the (R)-isomer. Consequently, enantioselectivity apparently decreased at a higher substrate concentration due to the increasing contribution of the low-affinity component. In the case of female mouse microsomes, however, the distribution ratio of the enantiomers was relatively constant over the substrate concentration range tested, indicating that low-and high-affinity components had similar enantioselectivity in MXC O-demethylation.
Comparing the Michaelis-Menten parameters for MXC Odemethylation, male rat microsomes showed the highest affinity and velocity for both high-and low-affinity components among the microsomes of all animals studied, such that the total-CL int (V max1 /K m1 +V max2 /K m2 ), an index of enzymatic efficiency at a lower substrate concentration, displayed the highest value for male rats, which was 20-to 37-fold higher than those calculated for other animals. In addition, the male/female ratios of the total-CL int were 22.1 and 0.5 for rats and mice, respectively. These results indicated that a greater sex- Vol. 31, No. 2, 102-109 (2006) Methoxychlor O-demethylation in rats and mice 107 a) The concentrations of microsomal protein in the reaction were 0.5 and 5.0 mg/ml for male rats and for other animal species, respectively. The substrate concentrations ranged from 0.01 to 1 mM. The reaction mixtures were incubated for 3-5 min. dependent difference in the activity of O-demethylase was involved in rats in comparison with mice.
In studies with (R)-and (S)-mono-OH-MXC, marked enantioselectivity was detected in the V max ((R)-Ͼ(S)-), showing that demethylation (consumption) of (R)-mono-OH-MXC was significantly faster than that of the (S)-isomer under substrate saturating conditions, except for female mice. The (R)/(S) ratio of the V max was highest in female rats (4.3) followed by male mice (1.8), male rats (1.6), and female mice (1.0). The results indicated that great enantioselectivity was involved in the microsomes of female rats, while female mouse microsomes showed negligible enantioselectivity. These findings were consistent with the previously discussed enantioselective formation of (S)-mono-OH-MXC in MXC metabolism. The percentage yield of the (S)-enantiomer in MXC monodemethylation was greatest in female rats, followed by male mice and female mice. Enantioselective formation of (S)-mono-OH-MXC by MXC demethylation implied that the preferable methyl group for O-demethylation was absent in (S)-mono-OH-MXC, such that the demethylation of (S)-mono-OH-MXC proceeded inefficiently compared with that of the (R)-isomer.
In comparison with the intrinsic clearance for mono-OH-MXC O-demethylation, male rat microsomes again showed the highest enzymatic efficiency in the metabolism of both (R)-and (S)-isomers among all animals studied. The male/female ratios of the CL int in rats and mice were 12.2 and 1.8 for the (R)-and 27.0 and 1.8 for the (S)-isomers, respectively, and the sex difference in enzymatic efficiency was much greater in rats than in mice. These species-and sex-related characteristics in enzymatic activity for mono-OH-MXC O-demethylation showed a similar trend to those for the O-demethylation of MXC.
This study revealed that one of the likely causes of sex-dependent MXC metabolism in rats was the difference in enzymatic efficiency for the O-demethylation of MXC and its intermediate metabolite, mono-OH-MXC. Rapid sequential demethylation appeared to be involved in male rats, since the demethylation of both MXC and mono-OH-MXC occurred efficiently, and the resulting final product, bis-OH-MXC, formed rapidly. On the other hand, the demethylation of both MXC and mono-OH-MXC was slower in female rats than in male rats. In addition, the stereo-structural preference for the demethylation appeared to be involved in the sex difference of MXC metabolism in rats. (S)-Mono-OH-MXC, which was a predominant isomer produced in MXC mono-demethylation, especially in the lower concentration, was an inefficient substrate for O-demethylase in female rats. Therefore, MXC metabolism in female rats may result in the accumulation of intermediate (S)-mono-OH-MXC, while it is transient in male rats. Consequently, such a difference would cause different metabolic profiles in male and female rats. In mice, the sex Table 2 . difference in the kinetic parameters for O-demethylation was much smaller than in rats.
Stresser and Kupfer 26) indicated that the enzymatic kinetics of MXC O-demethylation in human liver microsomes followed a biphasic model by analyzing the reaction with an Eadie-Hofstee plot, and our results clearly proved that such biphasic enzymatic kinetics are not specific to humans. Kishimoto et al. 25) already indicated that CYP2C6 and CYP2A1 were involved in the oxidative O-demethylation of MXC in non-induced male rats (Wistar). However, it is not known whether CYP2C6 and CYP2A1 are the responsible enzymes for the sex-related metabolism of MXC in rats, since it has been reported that hepatic levels of neither of these enzymes are male-specific in rats. The level of CYP2C6 was shown to be similar in male and female rats, and CYP2A1 is even a female dominant enzyme. 15) It is well known that CYP2C11 and CYP2C13 are male rat-specific or -predominant enzymes. 16) Mikamo et al. 27) recently reported by using cDNA-expressed rat P450 enzymes that CYP2C11, which is known as testosterone 2a-and 16a-hydroxylase, 16) was able to catalyze MXC O-demethylation. Therefore, this male rat-specific CYP isoform is thought to be a possible candidate as the major component for the sex-dependent metabolism of MXC. The comparison of enzymatic activities with other rat CYP isoforms is essential in future studies to identify the enzymes responsible for the sex-dependent metabolism of MXC in rats. In addition, in vivo studies to confirm the sex-dependent difference in MXC metabolism in rats will also be necessary.
